If near-room-temperature (NRT) superconductivity in highly-compressed superhydrides/superdeuterides is originated from the electron-phonon coupling, then the superconducting transition temperature, Tc, and phonon spectrum characteristics (for instance, the Debye temperature, = ℏ • , or logarithmic phonon temperature, ℏ • ) should be linked through the electron-phonon coupling strength constant, e-ph, which can be computed by first-principles calculations. Thus, by utilizing relations between Tc, T or ℏ • , and e-ph (proposed by Bardeen, Cooper and Schrieffer (1957 Phys Rev 108 1175), McMillan (1968 Phys Rev 167 331), Allen and Dynes (1975 Phys Rev B 12 905)) it is possible to affirm/disprove the electron-phonon coupling mechanism in given superconductor. In this paper, we deduce T for highly-compressed black phosphorous, boron, GeAs, SiH4, H3S and D3S by the fit of temperature-dependent resistivity data, (T), to Bloch-Grüneisen equation. We show that computed e-ph for highly-compressed black phosphorous, boron, GeAs, and SiH4 are within weak-coupling limit of BCS theory. It is also found remarkable constancy of = 1531 ± 70 for H3S at different ageing stages. Due to phonon spectra in H3S and D3S have identical shape, we show that these isotopic counterparts obey the relation of T,H3S/T,D3S=Tc,H3S/Tc,D3S=ln,H3S/ln,D3S. However, ratios of Tc,H3S/Tc,D3S=ln,H3S/ln,D3S=1.27 are largely different from deduced T,H3S/T,D3S=1.65. This
alludes that NRT superconductivity in H3S-D3S system is originated from more than one mechanism, where the electron-phonon coupling lifts Tc in H3S vs D3S, but primary origin for NRT background of Tc ~ 150 K in both H3S and D3S remains to be discovered.
Debye temperature in highly compressed H3S and D3S
Introduction.
Demanded for several decades [1] [2] [3] [4] near-room-temperature (NRT) superconductivity has been discovered by pioneer experimental work by Drozdov et al [5] who reported the superconducting transition temperature of Tc = 203 K in highly-compressed sulphur hydride, H3S. To date, there is widely accepted point of view that the mechanism of NRT superconductivity in highly-compressed superhydrides/superdeuterides is the electronphonon coupling [6] [7] [8] [9] . If so, the superconducting transition temperature, Tc, and phonon spectrum characteristics (for instance, Debye frequency and Debye temperature, D and T respectively) should be linked through the electron-phonon coupling strength constant, e-ph, introduced in Eliashberg theory [10] :
where  is the phonon frequency, F() is the phonon density of states, and 2 ( ) • ( ) is the electron-phonon spectral function (more details can be found elsewhere [11, 12] ). In this phenomenology, all superconductors are characterized as having weak ( − ℎ ≪ 1), intermediate ( − ℎ~1 ), and strong ( − ℎ ≫ 1) coupling.
For weak-coupled superconductors, Bardeen, Cooper and Schrieffer [13] proposed an expression which links Tc, T and e-ph:
where * is the Coulomb pseudopotential parameter, which is for a wide range of superconductors (including highly-compressed hydrides/deuterides) is assumed to be within a range of * = 0.10-0.17 [6] .
Allen and Dynes [14, 15] derived an asymptote for large − ℎ values within the BCS theory [13] :
From Eq. 3 it is clear that Tc (within the BCS theory [13] ) can be "arbitrarily large" [15] , because high T is not necessarily a requirement for high Tc.
McMillan [16] performed advanced analysis of the problem by utilizing the Eliashberg theory [10] and proposed the equation: 
which is highly accurate for a wide range of the coupling strength, * ≤ − ℎ ≤ 1.5 [14, 15] , and it is widely used to evaluate the Tc in phonon mediated superconductors, including 2D
superconductors [17] .
It should be noted, that McMillan [16] introduce the multiplicative pre-factor of ( in Eq. 4 based on experimental convenience to use the Debye temperature, T (or, the Debye frequency, D), in comparison with more complicated functions which can be defined based on full 2 ( ) • ( ) phonon spectrum. And the reason for this was, that even for intrinsic uncompressed superconductors there are a very limited number of experimental techniques (for instance, the point-contact tunnelling spectroscopy) which can be used to measure full 2 ( ) • ( ) phonon spectrum. It should be stressed that none of these techniques have been ever applied for highly-compressed superconductors because of experimental challenges.
However, the Debye temperature, , can be in "the safest" manner [18] deduced from the fit of experimental temperature dependent resistivity data, (T), to Bloch-Grüneisen (BG) equation [19, 20] :
where, the first term is the residual resistivity due to the scattering of conduction charge carriers (holes) on the static defects of the crystalline lattice, while the second term describes the hole-phonon scattering, and A and T are free-fitting parameters.
Eqs. 4,5 are instructive tool to derive e-ph in intrinsic [21, 22] and highly-compressed [23] superconductors, which works from weak to intermediate coupling strength of − ℎ ≲ 1. In this paper, we further show that Eqs. 4,5 can be used to derive e-ph values in a variety of highly-compressed superconductors (i.e. black phosphorous [24, 25] , boron [26] , GeAs [27] , and silane [28] ), which are in a good agreement with e-ph values reported by the firstprinciples calculations studies.
It should be noted, that one of the most widely used approximation of the Eliashberg theory [10] beyond Eq. 4 has been proposed by Allen and Dynes [14, 15, 18] :
where: 
where f1 and f2 are so-called the strong-coupling correction function and the shape correction function, respectively [15] . It should be stressed, that Eq. 6 is also an approximation of general Eliashberg theory [10] , and Eq. 6 is not accurate approximation for some superconductors, which was discussed by Allen and Dynes [14, 15, 18] . Based on a fact that modern first-principles calculations techniques can compute 2 ( ) • ( ) spectrum (and, thus, e-ph) with a very high accuracy, Eq. 6 became a primary equation for the first-principles calculations studies for highly-compressed superhydrides/superdeuterides (extended reference list can be found elsewhere [6] [7] [8] [9] [29] [30] [31] [32] ).
However, as we mentioned above, experimental measurements of 2 ( ) • ( ) in highlycompressed superconductors are not performed to date and alternative experimental approaches need to be developed for NRT superconductors in term to reveal the nature of the pairing mechanism in this compound.
In this paper, we propose one of these approaches which consider the isotopic counterparts (designated by subscripts 1 and 2) of one chemical compound. We propose the exact relation between Tc and T which is independent from particular 2 ( ) • ( ) spectrum. Truly, all first principles calculations studies show that the shape of 2 ( ) • ( ) 
where the subscript of exp (T) on the right part designates that T and T are deduced by the fit of experimental (T) data to Bloch-Grüneisen (BG) equation (Eq. 5).
Thus, surprisingly enough, the research task to reaffirm/disprove the electron-phonon coupling mechanism in highly compressed hydrides/deuterides is to compare experimentally observed ,1 From this we conclude that there are two distinctive mechanisms which cause the raise of NRT superconductivity in highly-compressed H3S-D3S system. One is the electron-phonon coupling which busts the observed Tc in H3S vs D3S, while the primary mechanism which is the origin for high background ≳ 150 in both isotopic counterparts remains to be discovered. This means that, due to observed Tc in D3S is either not busted strongly, neither busted at all by the electron-phonon coupling, the research of D3S makes more fundamental interest in comparison with H3S.
In this regard, the sulphur tritiate, T3S, looks even more attractive to be studied, in comparison with H3S and D3S, in term to reveal fundamental mechanism of NRT superconductivity, because of, at least, three reasons:
1. The contribution of electron-phonon coupling on the superconducting state in T3S
should be even more supressed in comparison with D3S. Thus, unrevealed yet background mechanism which causes the raise NRT superconductivity in highly compressed super-hydrides/deuterides will be less distorted by the electron-phonon interaction.
2. Much greater chemical activity of tritium in comparison with hydrogen and deuterium, which originates from low-level -radioactivity of the former, can be served as additional catalytic factor (in addition to primary laser heating) to form T3S phase from T2S gas in diamond-anvil cell.
3. Ground state upper critical field, Bc2(0), in T3S might be lower than ones in H3S and D3S. This makes it possible to measure temperature dependent Bc2(T) for T3S in a wider temperature range in comparison with H3S and D3S, and, thus, to perform deeper analysis of Bc2(T).
Despite a fact that the cost of T3S synthesis and studies will be much higher in comparison with ones for H3S and D3S, the former looks to be a key material to reveal the mechanism of NRT superconductivity.
Utilized models
In our previous works [33] [34] [35] , we analysed temperature dependent self-field critical current densities, Jc(sf,T), and the upper critical field, Bc2(T), data in highly-compressed H3S and showed that experiment supports the weak-coupling scenario in this superhydride.
Kaplan and Imry [36] also showed that electron-phonon weak-coupling scenario is a valid theoretical model for compressed in H3S. Thus, there is no a priory reason to reject the weakcoupling scenario from the consideration, and e-ph values derived by Eq. 2 will be designated as − ℎ, . Deduced e-ph for strong-coupling scenario within BCS theory (Eq. 3) will be designated as − ℎ, , and coupling strength, − ℎ , computed by the first-principles calculations will be notated as − ℎ, .
To turn now to strong-coupling scenario within the Eliashberg theory [10] , we first should note that multiplicative shape correction function, f2 (Eq. 8), has the term of ( 
Numerators in Eq. 12 were deduced by the fit of tabulated f2 values for all materials reported by Allen and Dynes (Table 1 [15] ) for * = 0.10, 0.12, 0.14, 0.16, 0.18, 0.20.
As this was mentioned by Allen [18] , the "safest procedure" to extract T from experimental data is to fit (T) to Eq. 10 which we employ in this paper. 
will be designated as − ℎ, as noted.
Figure 1.
Multiplicative shape correction factor, f2 (Eq. 7), for all materials considered by Allen and Dynes [10] . f2 is calculated for *=0.10 (a), *=0.15 (b), and *=0.20 (c).
Considering a fact that all first-principles calculations studies show that the shape of phonon spectra, 2 ( ) • ( ) and − ℎ, for H3S and D3S [37] are practically undistinguishable from each other, one can write: 
because as we show in Fig. 3 ) in Eq. 6, proposed by Allen and Dynes as the first order approximation which compromised between the complexity and the accuracy for the model.
Because more thorough consideration requires the use of high-order momentums of normalized weight function:
and/or, its mean values:
which, however (from the author's knowledge) these higher-orders momentums have been never implemented for the analysis.
To confirm that our approach (i.e., Eqs. 5,13) is an instructive tool to analyse experimental data for highly-compressed superconductors, in Section 4.3 we perform the comparison of deduced parameters deduced by the R(T) analysis and by the upper critical field, Bc2(T), analysis for highly-compressed GeAs (P = 15.3 GPa) recently reported by Liu et al [27] .
To analyse Bc2(T) we use a model [35] :
where 0 = 2.07·10 -15 Wb is flux quantum, (0) is the ground state coherence length, kB is the Boltzmann constant, and temperature dependent amplitude of the energy gap, (T), is taken from Gross et al [38] :
where ΔC/C is the relative jump in electronic specific heat at Tc, and  = 2/3 for s-wave superconductors [38] . In result, four fundamental parameters of a superconductor, i.e. (0), (0), C/C and Tc, can be deduced by fitting experimental Bc2(T) data to Eq. 18. We need to clarify that (0) determines the ground state Bc2(0) amplitude, while (0) and C/C are deduced from the shape of Bc2(T) curve (which is the part of Eq. 18 in square brackets). BCS weak coupling limits are:
and, thus, deduced values of We should stress that Eqs. 18,19 are based on the assumption that the amplitude and the phase coherence have established in the material, and thus superconducting condensate has forms. This means that Eqs. 18,19 are applied for the state when:
In other words, Eq. 18 is applied when the London penetration depths, (T), the superconducting coherence length, (T), and the Ginzburg-Landau parameter ( ) = ( ) ( ) have finite values:
This means that experimental data which are valid to be fitted by Eq. 18 should be obey the Bc2(T) definition based on Eq. 22 criterion. We note, that the upper critical field, Bc2(T), is very often defined by 50% fraction of the normal state resistivity, norm(T), criterion:
which, cannot be, rigorously speaking, be fitted by Eq. 18, except if the width of the superconducting transition, Tc (which can be defined as the temperature range where 90% and 10% fractions of norm(T) achieve), is very narrow, Δ ≪ . Truly, 50% drop in the resistivity at some temperature T (we consider the case, when ( ) = 0 Ω • achieves at lower T) indicates that there are large superconducting order parameter fluctuations (in space and time), at which, however, neither (T), nor (T) are defined yet, because the phase coherence for the condensate has not been formed at this temperature. This issue is closely related to the definition of the superconducting transition temperature, Tc, which we discuss in Section 3. We note, that Bc2(T) defined by Eq. 22, is also referred as the irreversibility field, Birr(T), especially for cuprate superconductors.
Based on all above, the validity of electron-phonon mediated mechanism of superconductivity in highly-compressed superhydrides/superdeuterides can be, surprisingly enough, affirmed/disproved by the deducing the ratio of the Debye temperatures, | . We report on the result of these studies for H3S-D3S system, herein.
Tc definition
Due to primary focus of this paper is to compare experimentally observed and computed Tc values, there is a need to make strict definition for the superconducting transition temperature, which will be in use herein. In some papers, Tc is defined at temperature of the 95%, 50%, 10%, or other fractions of the normal state resistivity, norm(T), while the most rigorous definition is at the zero resistivity point, (T) = 0 ·m (Eq. 24). GPa has been reported by Troyan et al [31] and Kong et al [40] . Based on the criterion of (T) = 0.99·norm(T), the superconducting transition temperature in the yttrium hydride at P = 44 GPa [39] , Tc = 182 K, is not much different from recently reported values of Tc = 218-243 K [31, 40] . We, however, should stress that as Troyan et al [31] , as Kong et al [40] reported To further demonstrate that the definition of Tc is crucially important, we can refer recent report by Cao et al [41] who discovered superconducting state in the magic-angle twisted bilayer graphene (MATBG) (i.e., 2D sheet where two single layers of graphene are rotated at Moiré superlattice angle, ). In Fig. 3 we show raw R(T) curve for MATBG sample with twisted angle of = 1.05° (raw data is from Ref. [41] ). Three lines in the Fig. 3 indicate Cao et al [41] used Tc definition of R(T)/Rnorm(T) = 0.5 and defined ≅ 1.7 . This definition places MATBG in near proximity to the Bose-Einstein condensate materials (i.e., 4 He, 6 Li, 40 K) in the Uemura plot. And also, this was the primary reason to claim non-phonon mediated mechanism of superconductivity in MATBG. However, the analysis of the selffield critical current densities, Jc(sf,T) [42] , as well as ab initio calculations [17] , showed that 
Results and Discussion
In this section we first show that the approach to use Eqs. 5,13 is a valid research tool to study highly-compressed superconductors. To demonstrate this, we perform (T) analysis and deduce − ℎ values for highly-compressed black phosphorous (P = 15 GPa) [ 
Black phosphorous compressed at P = 15 GPa
Wittig and Matthias [24] discovered pressure-induced superconductivity in black phosphorous with Tc = 4.7 K (P ~ 10 GPa). Recent experimental studies [46, 47] of highlycompressed black phosphorous start to confirm conceptual idea of Hirsch [48, 49] that hightemperature superconductivity should be considered as an effect of the interaction between positively charge carriers (holes) and vibrations of positively charged lattice ions (phonons), which is fundamentally different from the idea of BCS theory which considers the interaction between negatively charged carriers (electrons) and vibrations of positively charged lattice ions (phonons). Experiments showed [46, 47] that there is clear correlation between Tc and the charge carriers sign in highly-compressed black phosphorous.
In Figure 3 we show raw experimental (T) data for highly-compressed black phosphorous (P = 15 GPa) reported by Shirotani et al [25] in their Figure 5 . The (T) data fit to Eq. 5 is excellent and deduced T and e-ph are presented in Table 1 . To derive e-ph values we use conventional lower bound of * = 0.10 and the upper bound of * = 0.17 (for which the first-principles calculations results were reported by Li et al [47] ). It can be seen ( Table 1) that deduced − ℎ, = 0.31 − 0.38 is within BCS weak coupling limit, which originates from low value for the ratio of ≅ 0.009 (it can be noted that weak-coupling aluminium has − ℎ, = 0.30 − 0.38 [18] ). (* = 0.17) by our Eq. 13, which appears to be in excellent agreement with the value reported by Li et al [47] .
This result shows that calculated coupling strength − ℎ is actually dependent on the chosen model, rather than to be unique characteristic value for given superconductor. The only valid result, we can trust so far, that because of calculated − ℎ, = 0.019 ≪ * , then phonon-mediated Cooper pairs cannot exist in the assumption of strong-coupling scenario (which reflects a simple fact that there are no reasons to assume that − ℎ can be large, if the superconductor has ≅ 0.009).
Elemental boron compressed at P = 240 GPa
Eremets et al [26] discovered that elemental boron transforms into superconductor with The R(T) data fit to Eq. 5 is excellent and deduced = 314 ± 2 . In Table 2 we show deduced e-ph values in the assumption of * = 0.12 (which is chosen to be the same with one used by Ma et al [50] ). Table 2 . Deduced T and calculated e-ph for highly-compressed boron at P = 240 GPa with assumed * = 0.12. It should be stressed ( 
Highly-compressed superconducting GeAs
Liu et al [27] reported that superconducting state can be induced in semiconducting compound of GeAs at pressures ≥ 10
. For GeAs subjected to pressure of = 15.3 , Liu et al [27] reported R(T,B) curves ( Fig. 4(a) [27] ) from which Bc2(T) was deduced by the criterion of: Fig. 3(b) [27] , and R(T)/Rnorm(T) = 0.95 for Fig. 3(a) [27] . Deduced − ℎ values in assumption of * = 0.10 (which is the same as one used by Liu et al [27] ) are shown in Table 3 .
It should be noted (Table 2) It can be seen also (Table 3) However, one can see in Table 3, 
Silane compressed at P = 192 GPa
First principles calculations for highly compressed hydrogen-rich silane, SiH4, have been performed by several authors, from which we can mention a report by Feng et al [53] who computed ≅ 3,500 − 4,000 and ≅ 165 , and the report by Chen et al [54] who computed = 20 − 75 for this hydrogen-rich material at pressure in the range of 70 ≤ ≤ 250 .
Eremets et al [28] discovered that SiH4 exhibits low-temperature superconductivity with transition temperature in the range of 7 ≤ ≤ 17 at pressure in the range of 60 ≤ ≤ 192 .
In Figure 8 we show raw R(T) curve (from Fig. 2(b) Table 4 for which * = 0.10 [55] and 0.12 [54] are used.
Taking in account that the ratio of 
R(T)/Rnorm(T)
= 0.64 0.044 ± 0.001 0.10 [55] 0.361 ± 0.001 0.622 ± 0.002 0.9 [55] 0.12 [54] 0.381 ± 0.001 0.666 ± 0.002 0.8 [54] 10.6 R(T)/Rnorm(T) = 0.95 0.061 ± 0.001 0.10 [55] 0.386 ± 0.001 0.699 ± 0.002 0.9 [55] 0.12 [54] 0.406 ± 0.001 0.750 ± 0.002 0.8 [54] Thus, we can make an intermediate conclusion that at least for the first discovered highlycompressed hydrogen-rich compound, SiH4, first principles calculations based on electronphonon coupling mechanism and full 2 ( ) • ( ) spectrum are not able to reproduce, even approximately, observed in experiment Tc (with the difference as large, as 20 times). This conclusion is also applied for highly-compressed black phosphorus, boron and GeAs.
The simplest assumption we can make is that in highly-compressed superconductors Tc and T are independent from each other. 
Highly compressed H3S
Drozdov et al [5] reported milestone discovery of NRT superconductivity in highly- Deduced T and computed e-ph for both samples are shown in Table 5 . First of all, we should mention remarkable constancy in deduced Debye temperature T = 1531 ± 70 K for both samples and different ageing stages for the first sample, with standard deviation less than 2%.
It can be also seen in Table 5 , that as Tc, as e-ph are varied in wide ranges covers values computed for harmonic and anharmonic models, when different criteria and couplingstrength models are applied, and thus there are no experimental evidences to make a conclusion which model is more preferable in comparison with others. 
Highly compressed D3S
Drozdov et al [5] in their Fig. 2(b) reported R(T) dataset for highly-compressed D3S (P = 155 GPa). R(T) data fit to Eq. 5 is shown in Fig. 11 . Reasonably large uncertainty in deduced = 982 ± 127 is primarily related to narrow temperature range for which R(T)
data was measured. We should mention that sulphur deuteride at P = 155 GPa exhibits R3m phase [58] , which is different from Im-3m phase of H3S compound at the same pressure. reported by Einaga et al [58] in their Fig. 3(b) . Calculated e-ph for all three D3S samples are in Table 7 .
It should be noted that due to D3S samples were subjected to a wide range of pressure, Based on this, we calculate average T only for Im-3m phase:
= 930 ± 92 (28) which has, nevertheless, a narrow uncertainty of 10%. However, due to its large uncertainty, the T value for R3m phase is also within this temperature range. In overall, deduced e-ph (Table 6) for Im-3m phase are equally well matched as harmonic, as anharmonic models, because the highest deduced e-ph value is agreed with the former, and the lowest e-ph value is agreed with the latter (the highest and the lowest e-ph values are marked in bold in Table 7 ). It should be also noted, that, in overall, e-ph values deduced for D3S are much higher than e-ph deduced for H3S, which is in remarkable contradiction with results of first-principles calculations, which showed that e-ph for both isotopic counterparts are indistinguishably close to each other [37] . More detailed discussion of the isotope effect in H3S-D3S system is given in next Section.
Isotope effect in H3S-D3S system
Now we turn to the discussion of the most crucial effect which can confirm or disprove the electron-phonon coupling mechanism in H3S-D3S system, which is the isotope effect.
Due to all three available raw R(T) datasets for D3S never reached R(T)/Rnorm(T) = 0.0 state, we compare herein Tc data for H3S and D3S for R(T)/Rnorm(T) = 0.95 criterion.
As we show above that if the superconductivity in two these isotope counterparts is belonging the electron-phonon coupling, then the Eq. 16 should be satisfied. By taking in account primary conclusion of first-principles calculations [37] , that H3S and D3S are anharmonic electron-phonon superconductors: 
The ratio in Eq. 29 should be compare with the ratio of average value for Tc for two isotopic counterparts in Im-3m crystallographic phase state (Tables 5 and 6 ): 
which is in a good agreement with Eq. 29.
The ratio of the Debye temperatures for two isotopic counterparts in Im-3m crystallographic phase (Tables 5 and 6) is: 
Discussion
Taking in account that first-principles calculations is very accurate modern research tool, large disagreement of computed ratio of logarithmic phonon frequencies (Eq. 29) and experimentally observed ratio of critical temperatures (Eq. 30) with deduced ratio of Debye temperatures (Eq. 31) means that electron-phonon mechanism is irrelevant to observed NRT superconductivity, however it takes some effect of the second order for the magnitude of observed Tc, because, quite likely that this mechanism is the origin for slightly higher transition temperature in H3S in comparison with D3S.
However, primary mechanism which is the background that both H3S and D3S are NRT superconductors is remains to be unknown. Alternative pairing mechanisms in superconductors are in discussion for several decades [59] [60] [61] [62] . However, detail discussion of this most advanced way to treat NRT superconductivity is beyond the scope of this paper.
Conclusion
In this paper we deduce the Debye temperature, T, in highly-compressed black phosphorous, boron, GeAs, SiH4, H3S and D3S by the fit of temperature-dependent resistivity data, (T), to Bloch-Grüneisen equation. We find that isotopic counterpart compounds (designated by subscripts 1 and 2) should obey the relation: 
which can be considered as a new research tool to validate the electron-phonon mechanism of superconductivity in a variety of the materials. Application of Eq. 32 to H3S-D3S system leads us to a conclusion that NRT superconductivity in these compounds is originated from more than one mechanism.
